ABSTRACT As an approach to the purification of adenovirusencoded DNA replication proteins, we have developed in vitro complementation assays that make use of viral mutants defective in DNA replication in vivo. Nuclear extracts prepared from cells infected with H5ts36 or H5ts125, two such mutants belonging to different complementation groups, were found to be defective in viral DNA replication in vitro. However, replication activity could be restored by mixing the two extracts. Replication activity in either extract also could be restored by addition of appropriate replication-deficient fractions purified from cells infected with wild-type adenovirus. By using such assays, HSts36-and H5ts125-complementing activities were extensively purified. As The adenovirus genome is a linear, double-stranded DNA molecule whose 5' termini are covalently linked to a virus-encoded protein with a molecular mass of55 kilodaltons (kDal). The replication of the viral genome has been studied extensively as a model for probing the mechanisms of DNA synthesis that operate in eukaryotic cells (for reviews, see refs. 1-3). Initiation of adenovirus DNA replication takes place at the ends of the genome and involves the formation of a covalent linkage between an 80-kDal terminal protein (the precursor to the 55-kDal protein) and the first nucleotide in the new DNA chain (dCMP) (4-8). A daughter strand is then extended in the 5' to 3' direction displacing one of the parental strands. The displaced parental strand serves as template for the synthesis of the second daughter strand.
The adenovirus genome is a linear, double-stranded DNA molecule whose 5 ' termini are covalently linked to a virus-encoded protein with a molecular mass of55 kilodaltons (kDal). The replication of the viral genome has been studied extensively as a model for probing the mechanisms of DNA synthesis that operate in eukaryotic cells (for reviews, see refs. 1-3). Initiation of adenovirus DNA replication takes place at the ends of the genome and involves the formation of a covalent linkage between an 80-kDal terminal protein (the precursor to the 55-kDal protein) and the first nucleotide in the new DNA chain (dCMP) (4) (5) (6) (7) (8) . A daughter strand is then extended in the 5' to 3' direction displacing one of the parental strands. The displaced parental strand serves as template for the synthesis of the second daughter strand.
We have shown previously that adenovirus DNA replication takes place in a soluble in vitro system that is dependent upon exogenous adenovirus DNA templates (9, 10) . This system has provided a means to explore the molecular mechanisms involved in initiation and chain elongation (4) (5) (6) (7) (8) (11) (12) (13) and to purify and characterize replication proteins (14, 15) . Our approach to the latter problem has been to develop in vitro complementation assays that make use of viral mutants defective (DNA-protein complex) and deproteinized adenovirus DNA were prepared as described (6, 9, 16) . Reaction mixtures for adenovirus DNA replication (100 ,ul) contained 50 mM Hepes (pH 7.5), 5 mM MgCl2, 0.5 mM dithiothreitol, 2 mM ATP, 25 ,uM each of dATP, dGTP, dCTP, and dTTP, 25 ,uCi of [a-32P]dCTP (300 Ci/mmol; 1 Ci = 3.7 x 10'°B q), 160 ng ofAd5 or Ad2 DNA-protein complex digested with the restriction enzyme HindIII, and 10-50 ,ul of nuclear extract or purified fraction. Reaction mixtures were incubated at 37°C for 30 min. The in vitro reaction product was isolated and analyzed by agarose gel electrophoresis as described (6) .
Conditions for Formation of 80-kDal Terminal ProteindCMP Complexes. Reaction mixtures for the protein-nucleotide joining reaction (25 ,ul) contained 25 mM Hepes (pH 7.5), 6 mM MgCl2, 4 mM ATP, 0.5 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride (PhMeSO2F), 10 ,uCi of [a-32P]dCTP (3, 000 Ci/mmol), 80 ng of AdS DNA-protein complex, and 5-15 ,ul of nuclear extract or purified fraction. After incubation for 1 hr at 37°C, reaction mixtures were heated to 75°C for 10 min and were centrifuged at 13,000 X g for 2 min. The resulting pellet was resuspended in 30 ,ul of 40 mM Tris HCl, pH 8.0/ 10 mM CaCl2/6 mM MgCl2/10% (vol/vol) glycerol and was Abbreviations: kDal, kilodalton; PhMeSO2F, phenylmethylsulfonyl fluoride.
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The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. incubated with 9 units of micrococcal nuclease (Worthington) for 1 hr at 370C. The sample then was analyzed by NaDodSO4/ polyacrylamide gel electrophoresis as described by Laemmli (17) . The gels contained 8% acrylamide/0.21% N,N'methylenebisacrylamide. After electrophoresis the gels were dried and analyzed by autoradiography.
Purification of H5ts36-and H5tsl25-Complementing Activities. Extract was prepared from 2.5 X 1010 Ad5-infected HeLa cells as described above. The extract (containing 1.6 g ofprotein) was loaded on a DEAE-cellulose column (Whatman DE52; 2.5 x 37 cm) in 50 mM Hepes, pH 7.5/50 mM NaCl/10% (wt/ vol) sucrose/0. 1 mM PhMeSO2F. The column was washed extensively with the same buffer and then was eluted stepwise with 50 mM Hepes, pH 7.5/10% (wt/vol) sucrose/0.1 mM PhMeSO2F containing increasing concentrations of NaCl (100, 200, or 500 mM). The fraction eluting at 200 mM NaCl (275 mg ofprotein; 25 ml) contained both the H5ts36-and H5ts125-complementing activities. After dialysis against 50 mM Hepes, pH 7.5/50 mM NaCl/20% (vol/vol) glycerol/0. 1 mM PhMeSO2F (buffer A), the active fraction was loaded on a phosphocellulose column (Whatman P-ll; 2.5 x 17 cm) and was eluted stepwise with buffer A containing increasing concentrations of NaCl as above. The fraction eluting at 500 mM NaCl (98 mg of protein; 41 ml) contained both complementing activities. This fraction was dialyzed against buffer A and loaded on a column of singlestranded DNA cellulose (2.5 x 4 cm) prepared according to the method of Alberts and Herrick (18) . The column was washed with buffer A and was eluted sequentially with buffer A containing 100, 200, 500, or 750 mM NaCl. The fraction eluting at 500 mM NaCl (33 mg of protein; 10 ml) contained the H5ts36-complementing activity and the fraction eluting at 750 mM NaCl (2.5 mg of protein; 6 ml) contained the H5tsl25-complementing activity. The H5tsl25-complementing fraction was dialyzed against buffer A and stored at -70°C. The H5ts36-complementing fraction was dialyzed against buffer A and loaded on a hydroxylapatite column (Bio-Rad HTP; 1.5 X 4 cm). The column was eluted stepwise with buffer containing 0.5 mM dithiothreitol, 20% (vol/vol) glycerol, 0.1 mM PhMeSO2F, and 50, 150, 250, 350, 450, or 550 mM or 1 M potassium phosphate (pH 7.0). The H5ts36-complementing activity, which eluted at 150 mM potassium phosphate, was dialyzed against 50 mM Hepes, pH 7.5/50 mM NaCl/0.5 mM dithiothreitol/0.1 mM PhMeSO2F/20% (vol/vol) glycerol and stored at -70°C. Both complementing activities were stable on storage for at least 6 months. (19, 20 Preliminary attempts to demonstrate increased thermolability of replication activities in crude extracts from cells infected at the permissive temperature with H5ts36 or H5ts125 were not generally successful. Therefore, in vitro complementation studies were carried out with extracts prepared from mutant-infected cells propagated at the restrictive temperature. As shown in Fig. 1 (lanes b and c) , extracts from H5ts36-or H1ts125-in- fected cells were defective in DNA replication in the standard in vitro assay. However, replication activity comparable to that observed in extracts of cells infected with wild-type adenovirus (Fig. 1, lane a) was observed when the two mutant extracts were mixed (Fig. 1, lane d) . Replication activity could be restored to the H5ts125 extracts by addition of purified adenovirus DNA binding protein (Fig. 1 , lane e), as reported (6, 12) . Addition of the DNA binding protein did not correct the replication defect of H5ts36 extracts (Fig. 1, lane g) .
RESULTS

In
Purification of Complementing Activities. Replication activity could be restored to extracts from H5ts36-or HStsl25-infected cells by addition ofappropriate replication-deficient fractions derived from wild-type-infected cells. A typical example is shown in Fig. 2 . Nuclear extract from wild-type-infected cells was loaded on a column of DEAE-cellulose and the bound protein was eluted stepwise with increasing concentrations of NaCl. None of the fractions recovered was able to support adenovirus DNA replication in vitro (Fig. 2, lanes b-e) . However, the fraction eluting at 200 mM NaCl was found to specifically restore replication activity to H5ts36 (or H5ts125) extracts (Fig.  2, lane h) as some minor components (Fig. 3, lane a) . The 80-kDal polypeptide comigrated with authentic 80-kDal adenovirus terminal protein labeled in vitro with [a-32P]dCTP (data not shown).
The H5tsl25-complementing activity copurified with H5ts36-complementing activity through the first two column fractionation steps (DEAE-cellulose and phosphocellulose). Complete separation of the two activities was achieved at the singlestranded DNA cellulose chromatography step. The most highly purified fraction exhibiting H5tsl25-complementing activity contained a single major polypeptide with a mobility slightly (17) . Lanes: a, purified H5ts36-complementing activity; b, purified H5ts125-complementing activity; c, standard protein markers in order of molecular mass (kDal) are chymotrypsinogen, ovalbumin, bovine serum albumin, and P-galactosidase.
greater than the 68-kDal marker by NaDodSO4/polyacrylamide gel electrophoresis (Fig. 3, lane b) . As Fig. 4 . Extracts or purified fractions, or both, were incubated with adenovirus DNA-protein complex, ATP, and [a-32P]dCTP, and the formation of 32P-labeled 80-kDal proteinnucleotide complex was monitored by NaDodSO4/polyacrylamide gel electrophoresis (5) (6) (7) (8) . As previously reported (6), extracts from HMts125-infected cells catalyzed the protein-nucleotidejoining reaction to a similar extent as extracts from wildtype-infected cells. On the other hand, extracts from H5ts36-infected cells were devoid of this activity (Fig. 4, lane d) . The purified H5ts36-complementing activity catalyzed the formation of the 80-kDal protein-dCMP complex to only a limited extent. Under the usual assay conditions, no 32P-labeled complex was detected (Fig. 4, lane e) ; however, upon prolonged exposure of the autoradiograms, a faint 32P-labeled 80-kDal band could be observed. The ability of purified H5ts36-complementing activity to support the protein-nucleotide joining reaction was enhanced greatly by addition of H5ts36 extract (Fig. 4, lane f) or extract from uninfected cells (Fig. 4, lane g ). (25 ,ul) containing Ad5 DNA-protein complex as template and [a-32P]dCTP as the only deoxynucleoside triphosphate (see Materials and Methods). The reaction product was analyzed by electrophoresis in an 8% NaDodSO4/polyacrylamide gel. Lanes: a, extract from Ad5-infected cells (deproteinized Ad5 DNA substituted for Ad5 DNA-protein complex); b, extract from Ad5-infected cells (7.5 tkl); c, extract from uninfected HeLa cells (7.5 A1); d, extract from H5ts36-infected cells (7.5 Al); e, purified H5ts36-complementing activity (7.5 Al); f, purified H5ts36-complementing activity and extract from H5ts36-infected cells (7.5 1.l each); g, purified H5ts36-complementing activity and extract from uninfected HeLa cells (7.5 ,ul each).
The requirements for the complete in vitro DNA replication reaction were determined also. The purified Hts36-complementing activity and the purified adenovirus DNA binding protein (H5tsl25-complementing activity) were defective in DNA replication when tested alone (data not shown) or in combination (Fig. 5, lane b) . However, DNA replication activity comparable to that observed with crude nuclear extracts from wildtype-infected cells was restored when the mixture of H5ts36-complementing activity and DNA binding protein was supplemented with extract from uninfected cells (Fig. 5, lane c) . We conclude that the two purified complementing fractions contain all of the virus-encoded components required for adenovirus DNA replication in vitro. ._ plementing fraction, but its properties must yet be characterized.
DISCUSSION
The locus of the H5ts36 mutation has been mapped to the region ofthe adenovirus genome between 18.5 and 22 map units (26) . This region falls within a large (120 kDal) open reading frame that maps between 24.0 and 14.2 map units and lies outside the sequences that encode the 80-kDal terminal protein (map positions 28.9-23.5) (27, 28, 33) . The gene product corresponding to the 120-kDal open reading frame has not yet been identified; however, the 140-kDal polypeptide present in the purified H5ts36-complementing activity clearly represents the best candidate.
The results ofprevious studies (4) (5) (6) (7) (8) 15 ) strongly suggest that the first step in adenovirus DNA replication involves the formation of a covalent complex between the 80-kDal terminal protein and dCMP. The purified H5ts36-complementing fraction catalyzes this reaction but requires a cellular factor(s) for optimal activity. Further work will be required to define this cellular factor and to determine whether components in the H5ts36-complementing factor other than the 80-kDal terminal protein are required for the protein-nucleotide joining reaction. The complete in vitro DNA replication reaction can be reconstituted from the H5ts36-complementing fraction, the adenovirus DNA binding protein (H5ts125-complementing fraction), and extract from uninfected cells. It should now be possible by further fractionation to purify all of the components involved in replication, both viral and cellular, and to characterize their mechanisms of action.
Note Added in Proof. Recently, Lichy et al. (34) 
